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ABSTRACT
We describe a new phenomenon of ‘bar damping’ that may have played an important role in shaping
the Milky Way bar and bulge as well as its spiral structure. We use a collisionless N -body simulation
of a Milky Way-like galaxy initially composed of a dark matter halo and an exponential disk with
Toomre parameter slightly above unity. In this configuration, dominated by the disk in the center, a
bar forms relatively quickly, after 1 Gyr of evolution. This is immediately followed by the formation of
two manifold-driven spiral arms and the outflow of stars that modifies the potential in the vicinity of
the bar, apparently shifting the position of the L1/L2 Lagrange points. This modification leads to the
shortening of the bar and the creation of a next generation of manifold-driven spiral arms at a smaller
radius. The process repeats itself a few times over the next 0.5 Gyr resulting in further substantial
weakening and shortening of the bar. The time when the damping comes to an end coincides with
the first buckling episode in the bar which rebuilds the orbital structure so that no more new spiral
arms are formed. The morphology of the bar and the spiral structure at this time show remarkable
similarity to the present properties of the Milky Way. Later on, the bar starts to grow rather steadily
again, weakened only by subsequent buckling episodes occurring at more distant parts of the disk.
Subject headings: Galaxy: formation — galaxies: clusters: general — galaxies: evolution — galax-
ies: fundamental parameters — galaxies: kinematics and dynamics — galaxies:
structure
1. INTRODUCTION
Bars are quite common morphological features among
late-type galaxies. Depending on the exact definition
about half of them can be considered as barred (see e.g.
Buta et al. 2015, and references therein). Bars formed
in isolation are believed to originate from instabilities
in axisymmetric disks (for a review see Athanassoula
2013) and their evolution is controlled by a num-
ber of parameters, including the presence and proper-
ties of a live halo (Athanassoula 2002; Debattista et al.
2006; Sellwood 2016) and the initial velocity disper-
sion of the disk (Athanassoula 2003). In simulations,
bars tend to grow in time in terms of length and
strength while decreasing their pattern speed. This
rather steady growth can be slowed down by episodes
of buckling instability that lead to the vertical thicken-
ing of the bar and the formation of boxy/peanut shapes
or pseudobulges (Combes et al. 1990; Raha et al. 1991;
Martinez-Valpuesta et al. 2006). Bars can also form
as a result of tidal interactions with other galaxies or
environment (Miwa & Noguchi 1998; Lang et al. 2014;
 Lokas et al. 2014, 2016; Martinez-Valpuesta et al. 2016).
The Milky Way galaxy seems to be a typical
barred spiral (for a recent review of its properties see
Bland-Hawthorn & Gerhard 2016). The bar in the Milky
Way is composed of a shorter (the length of 3 kpc)
and a longer (5 kpc) component. The shorter one is
thicker and known to possess a boxy/peanut shape since
the observations in the infrared by the COBE satellite
(Weiland et al. 1994). The density distributions of the
red clump stars within 1 kpc are approximately exponen-
tial with axis ratios 10:6.3:2.6 (Wegg & Gerhard 2013).
The bar pattern speed is not accurately known and an
average over different measurements gives values around
43±9 km s−1 kpc−1. From our position near the Sun we
see the bar at an angle of about 27 deg. Recent kinematic
measurements of the bar from the APOGEE survey re-
veal that it is characterized by cylindrical rotation at the
level of 170 km s−1 at 35 deg of galactic longitude and
the central velocity dispersion of 120 km s−1 (Ness et al.
2016).
The spiral structure of the Milky Way is much less
constrained, mainly due to our unfavorable observational
position close to the disk plane. Although a number of
spiral arms were identified and named, their detailed
properties remain poorly known. In a recent study
Hou & Han (2014) combined data for thousands of dif-
ferent spiral tracers and found them to be well fitted
by models of both three- and four-arm logarithmic spi-
rals. To further complicate the picture, they also found
that polynomial-logarithmic spirals (with variable pitch
angles) are able to better match the observed tangen-
tial directions. The origin of Milky Way spiral arms
is equally vague and many scenarios have been pro-
posed, starting from the classical density wave theory
of Lin & Shu (1964) to spiral features seeded by den-
sity inhomogeneities (D’Onghia et al. 2013) and tidal ef-
fects of nearby dwarf galaxies (Purcell et al. 2011). It has
also been proposed that the spiral structure formation is
driven by the bar through manifolds (Athanassoula et al.
2009b).
In this Letter we report on a discovery of a new phe-
nomenon in the simulation of a bar in a Milky Way-like
galaxy, which we refer to as ‘bar damping’. In the con-
figuration we consider here it occurs early on, soon after
the formation of the bar and seems to be tightly related
to the manifold-driven spiral arms.
2. THE SIMULATION
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The initial conditions for our simulation consisted of
an N -body realization of a Milky Way-like galaxy gen-
erated via procedures described in Widrow & Dubinski
(2005) and Widrow et al. (2008) that allow to create N -
body models of galaxies very near equilibrium. Our
Milky Way had parameters similar to the model MWa
of Widrow & Dubinski (2005), with two components: an
NFW (Navarro et al. 1997) dark matter halo and an ex-
ponential disk, but no classical bulge. Each of the two
components was made of 106 particles.
The dark matter halo had a virial mass MH = 7.4 ×
1011 M⊙ and concentration c = 18. The disk had a
mass MD = 5.5 × 10
10 M⊙, about 25% larger than the
disk mass of MWa. We increased the disk mass by the
bulge mass of the original MWa model since we expect
the (pseudo)bulge to form out of the disk as a result
of bar formation and evolution. The scale-length of the
disk was RD = 2.81 kpc and the thickness zD = 0.41
kpc. We assumed the central radial velocity dispersion
of the disk σR0 = 121 km s
−1. Both components of the
galaxy were smoothly cut off at appropriate scales. The
initial disk mass fraction within 2.2RD was 0.6 which
means that our disk is close to maximal in agreement
with recent estimates for the Milky Way (Bovy & Rix
2013). The minimum value of the Toomre parameter of
this realization was Q = 1.2 so we expect the model to
form a bar on a short time scale.
The evolution of the system in the simulation was fol-
lowed for 10 Gyr using the GADGET-2 N -body code
(Springel et al. 2001; Springel 2005) with outputs saved
every 0.05 Gyr. The adopted softening scales were
ǫD = 0.1 kpc and ǫH = 0.7 kpc for the disk and halo
of the galaxy, respectively.
3. EVOLUTION OF THE BAR
The evolution of the properties of the stellar compo-
nent of the galaxy is illustrated in Figure 1. For each
simulation output we introduce the spherical coordinate
system centered on the galaxy’s center so that φmeasures
the angle in the disk plane and θ away from the plane.
The measurements shown with the red lines were done
using stars within the spherical radius of 5 kpc and those
shown with the blue lines using stars in the outer part of
the disk, within 5 kpc < r < 10 kpc. The upper panel
gives the stellar mass contained in these radial ranges,
the next two panels show the kinematic properties in
terms of the mean velocity along the spherical coordi-
nate θ, |vθ|, and the velocity dispersion along θ, σθ. The
last three panels plot the shape properties of the stellar
component in terms of the shortest to longest axis c/a,
the triaxiality parameter T = [1 − (b/a)2]/[1 − (c/a)2]
(where a, b and c are the lengths of the longest, interme-
diate and shortest axis of the stellar component) and the
bar mode A2. The axis ratios were calculated using the
inertia tensor and the A2 from the projected positions of
the stars onto the disk plane.
The evolution of the bar mode A2 clearly shows that
the bar starts to form very quickly after the beginning
of the simulation and its first maximum is reached soon
after 1 Gyr from the start. After that the bar mode
abruptly decreases to start growing again around 3 Gyr
from the beginning of the simulation. Similar conclu-
sions are supported by the analysis of the evolution of
the triaxiality parameter: it increases strongly soon af-
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Fig. 1.— Properties of the stellar component as a function of
time from 0 to 10 Gyr. The measurements were done within the
radius of 5 kpc (red lines) and in the range 5 kpc < r < 10 kpc
(blue lines). The panels from top to bottom show the stellar mass
M∗, the absolute value of the mean velocity along the spherical
coordinate θ, |vθ|, the velocity dispersion along θ, σθ , the ratio of
the minor to major axis c/a, the triaxiality parameter T and the
bar mode value A2.
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Fig. 2.— The profiles of the bar mode A2(R) at different times.
ter 1 Gyr to reach the values above T = 2/3 in the in-
ner part, signifying the formation of a strongly prolate
spheroid. The moment of the formation of the bar is ac-
companied by significant redistribution of stellar mass:
as demonstrated by the first panel, the stars are moved
from the outer to the inner part of the galaxy. The axis
ratio c/a is rather stable over the first Gyr but soon ex-
periences dramatic increase. This increase is not smooth
but happens in a number of rather separate steps.
Since the thickening of the bar is usually caused by
buckling, we have also calculated other, kinematic buck-
ling diagnostics in terms of the absolute value of the mean
velocity along the spherical coordinate θ, |vθ|, and the ve-
locity dispersion along θ, σθ. As discussed in  Lokas et al.
(2016), the presence of streaming velocity out of the disk
plane (whether quantified by |vθ| or |vz|) is a good sig-
nature of the presence of buckling instability. The effect
of the buckling is to increase the c/a axis ratio, but also
the velocity dispersion in the vertical direction, which
we measure here by σθ. Clearly, the comparison between
the third and fourth panels of Figure 1 reveals that the
two quantities trace each other in both radial ranges. In-
terestingly, the behavior of |vθ| is different in the inner
and outer part of the disk: while it has only two peaks
in the inner part (red line), it shows four maxima in the
outer part (blue line), with every consecutive peak wider
in time than the previous one. The analysis therefore
points to only two buckling episodes in the inner disk
but four in the outer part.
Except for these multiple, rather than just one
or two, buckling events typically seen in simulations
(Martinez-Valpuesta et al. 2006), the evolution of the
bar seems to proceed as usually found in similar stud-
ies. An interesting behavior reveals itself however once
we move from single-value measurements of characteris-
tic properties of the stellar component to more detailed
ones. Since our main interest here is the bar properties
the obvious characteristic to calculate is the profile of
the bar mode A2(R). A few examples of such measure-
ments along the cylindrical radius R at different times
are shown in Figure 2. The profile demonstrates strong
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Fig. 3.— The evolution of the profile of the bar mode A2(R) in
time. The upper panel shows the evolution over the time range of
0-10 Gyr, the lower one the evolution between 1 and 2 Gyr in more
detail.
variability in time, from the highest values around 1.2
Gyr, when the maximum is A2,max > 0.6 to much smaller
ones soon after, for example at t = 1.8 and 2.7 Gyr when
A2,max is only around 0.3. Later on the bar mode grows
again to reach the initial high values at the end of evo-
lution.
An even more complete picture can be created if A2(R)
are calculated for each simulation output and plotted as
a function of time in the form of a map, such as the
one shown in the upper panel of Figure 3. This image
clearly reveals a kind of damping behavior of the bar
mode between 1 and 1.7 Gyr from the start.
4. DAMPING OF THE BAR
In order to resolve this phenomenon better in time, we
rerun the simulation between 1 and 2 Gyr saving outputs
ten times more often, i.e. every 0.005 Gyr. The map
of the dependence of A2(R) on time in this time range
is shown in the lower panel of Figure 3. Now a clear
pattern of repeated increase and decrease of the bar mode
is visible. To obtain some insight into the nature of the
phenomenon we looked at the maps of the surface density
distribution of the stars viewed face-on. A few examples
at different times are shown in Figure 4. The plots show
distinct images of the bar (not aligned with the x-axis
but in the coordinate system of the simulation box), but
also reveal the presence of strong spiral arms or rings.
The spiral arms clearly seem to be driven by the bar
and look like the manifold-driven spirals discussed by
Athanassoula (2012).
To study the phenomenon further we have measured
the basic properties of the stellar component between 1
and 2 Gyr from the start, with this higher time resolu-
tion. The measurements were done for stars within the
radius of 5 kpc only this time, because this is where the
damping seems to occur and are shown in Figure 5. In
addition to the properties already discussed using Fig-
ure 1, namely the stellar mass M∗ (first panel), the axis
ratio c/a (second panel), the triaxiality parameter T , the
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Fig. 4.— Surface density distributions of the stars in the simu-
lated galaxy viewed face-on at different times marked at the top
of each panel. The color scale was normalized to the maximum
surface density at a given time. The images illustrate different
stages of the formation of manifold-driven spiral arms at smaller
and smaller radii. The lower right panel shows the galaxy image
after the bar damping.
bar mode A2 (fourth panel), the velocity and velocity
dispersion along θ, |vθ| and σθ (the last two panels), we
added here measurements of the intermediate to longest
axis ratio b/a (second panel), the mean rotation velocity
along the spherical coordinate φ, vφ and the 1D velocity
dispersion σ (third panel).
The oscillatory behavior of the quantities shown in the
first four panels is clear. The outflow of stellar mass
from the inner region is accompanied by decreasing b/a,
increasing A2 and T , decreasing streaming velocity vφ
while increasing the velocity dispersion σ, and vice versa,
that corresponds to making the bar stronger and then
weaker. The amplitude of the variations decreases in
time until about t = 1.6 Gyr when the bar experiences
its first buckling episode as confirmed by the strong non-
zero signal in |vθ| and a significant increase in σθ (two
lower panels). The surface density maps shown in Fig-
ure 4 covering the time range between 1.135 and 1.84
Gyr confirm that the overall effect of the process is to
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Fig. 5.— Properties of the stellar component at the time of bar
damping. The measurements were done using stars within the ra-
dius of 5 kpc. The panels from top to bottom show the stellar mass
M∗, the axis ratios c/a and b/a, the mean rotation velocity along
the spherical coordinate φ, vφ, and the 1D velocity dispersion σ,
the triaxiality parameter T and the bar mode A2, and the velocity
and velocity dispersion along θ, |vθ| and σθ .
Damping of the Milky Way bar 5
significantly weaken and shorten the bar.
5. DISCUSSION
We interpret the observed behavior of the bar as due to
the formation and evolution of manifold-driven spirals.
Manifolds were proposed as a possible origin of spiral
arms and rings in barred galaxies (Romero-Go´mez et al.
2006, 2007; Athanassoula et al. 2009a,b, 2010). Accord-
ing to this theory, spiral arms are formed by stars on
orbits confined to manifolds associated with the pe-
riodic orbits around the saddle points of the poten-
tial in the frame of reference corotating with the bar
(Binney & Tremaine 2008). In such a frame there are
five equilibrium (Lagrange) points at which the deriva-
tive of the effective potential vanishes. The most impor-
tant for us here are the L1 and L2 points located along
the bar major axis, near its ends. These points are saddle
points and unstable causing the stars in their vicinity to
escape from the neighborhood. Manifolds can be inter-
preted as tunnels along which this escape can take place.
The properties of manifolds so far were mostly studied
by tracing orbits in analytically set potentials, however,
Athanassoula (2012) demonstrated that they actually oc-
cur in full, self-consistent N -body simulations and lead
to the formation of spiral arms.
Here we have witnessed a similar phenomenon. How-
ever, in our case the formation of manifold-driven spirals
is not a single event but seems to repeat itself a few times.
Around t = 1.135 Gyr (see the upper left panel of Fig-
ure 4) the manifold-driven spirals form for the first time.
From the comparison between the circular frequency of
the galaxy and the pattern speed of the bar, Ω = Ωp, we
can estimate the corotation radius where the L1/L2 are
located. For this time we obtain the value of RCR = 9
kpc which agrees with the distance from the center of the
galaxy, where the spiral arms emanate from the bar. This
confirms our interpretation of the spirals as manifold-
driven since according to the theory in cases of barred
galaxies with no rings and a relatively weak spiral struc-
ture the L1/L2 points are located at the end of the bar,
where the arm joins the bar (Athanassoula et al. 2010).
Later on the picture becomes more complicated. In ad-
dition to the outflow of stars along the outer manifolds
(spiral arms) there is a flow along the inner manifolds lo-
cated near the bar (see fig. 4 in Athanassoula et al. 2010)
that rebuilds its structure so that for a short period of
time it looks like a double bar (see the middle right panel
of Figure 4). The pattern speed of such a bar cannot be
reliably measured so the position of the L1/L2 points
is difficult to determine. However, these flows seem to
modify the potential near the bar sufficiently in order to
move the L1/L2 points towards the center of the galaxy
and thus decrease the length and strength of the bar.
This process could involve the stabilization of the L1/L2
points by the additional mass present in the spiral arms
and the creation of a new set of unstable L1/L2 points
nearby as described in section 5 of Athanassoula et al.
(2009a).
After the bar rebuilds itself it ‘emits’ a next generation
of spiral arms along outer manifolds now located closer
to the center and the bar is restructured. This shifts the
position of the L1/L2 points again and the whole process
is repeated. One cycle of such evolution is shown by the
four panels corresponding to times t = 1.32-1.425 Gyr in
Figure 4. As illustrated in the lower panel of Figure 3
and the first four panels of Figure 5, between 1 and 1.7
Gyr there are at least five such cycles distinguishable. At
about t = 1.6 Gyr the bar starts to buckle for the first
time so its orbital structure is substantially rebuilt and
no well-defined bar-driven spiral arms form later on.
Interestingly, right after the damping period is fin-
ished the bar is quite short, with the length of the or-
der of 5 kpc, as can be estimated from the drop of the
A2(R) profile to half its maximum value (see the orange
line for t = 1.8 Gyr in Figure 2). In addition, it is
surrounded by a family of rather irregular spiral arms
of different length originating from the multiple gener-
ations of manifold-driven double spirals (see the lower
right panel of Figure 4). This morphology is qualita-
tively similar to the present spiral structure of the Milky
Way as far as we know it (Valle´e 2008; Hou & Han 2014).
We note that this transition from two- to multiple-arm
structure cannot be explained by arguments based on the
swing amplification theory and the disk stability criteria
(Athanassoula et al. 1987; D’Onghia 2015). According
to this theory the number of arms grows with decreasing
disk mass fraction within 2.2RD while in our case this
fraction remains approximately constant (within 2%)
during the whole damping period and close to the ini-
tial value of 0.6.
We conclude that the mechanism of bar damping we
described here may have contributed to the formation
of the present-day structure of the Milky Way. It could
influence the shaping of the bar and spiral structure, as
these seem to be intimately related in this process, but
may also have an effect on the formation of Milky Way
(pseudo)bulge if it formed via buckling instability as the
first episode of this phenomenon takes place immediately
after damping. Although in our simulation the damping
occurs early in the evolution of the bar, it is quite possible
that with different initial conditions and/or addition of
gas physics it could be a much more recent phenomenon.
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